INTRODUCTION

42
Humans are currently unparalleled when it comes to bipedal walking. Despite a relative high located center of mass 43 (COM) and small base of support (BoS), movement can be maintained or altered at will. Various strategies such as 44 adjustments to the location and timing of foot placement, and adjustments to ankle and hip torques can be addressed to Postprint. For final version, see: Journal of Experimental Biology 2016: http://dx.doi.org/10.1242/jeb.129338
During the experiment, subjects were instructed to walk on the treadmill with their arms crossed over the abdomen. A 145 safety harness was worn to prevent injury in case of a fall. The brace was tightly worn around the pelvis. Subjects 146 walked four blocks of three trials each. The first trial of each block was a 2 minute unperturbed walking trial, the second 147 and third were perturbation trials. In two blocks subjects were attached to the right motor, and in two to the rear motor.
148
Subjects were never attached to both motors simultaneously to minimize restraints. The attachment order was 149 randomized. For each motor attachment site, subjects walked one block on a slow speed (0.63*√l m s -1 ), and one on a 150 normal speed (1.25*√l m s -1 ), where √l is the square root of the subject's leg length (Hof, 1996) . Subjects walked the 151 slow trials first, followed by the normal trials for the same motor. Beside the mandatory rest after two blocks, subjects 152 were free to take breaks between trials.
153
During perturbation trials subjects randomly received perturbations at toe-off right (TOR), detected using the vertical 154 ground reaction force (threshold 5% body weight). Toe-off was chosen for perturbation onset to maximally allow foot 
164
Data processing
165
All data were processed using Matlab (R2014b, Mathworks, Natick, US). Raw perturbation forces were integrated to 166 obtain the impulse delivered by the motors. Ground reaction force and moment data were filtered with a 4 th order 40 Hz 
172
Landmark data of the feet were used to detect the gait phase, comparable to (Zeni Jr et al., 2008 
178
Unperturbed walking data were used as baseline for the trials with a corresponding walking speed. All data were made 179 dimensionless according to (Hof, 1996) . For each subject, the baseline average Euclidean distance between the COM of 180 the feet at heel strike was used as length scaling value (l0). Subject mass was used to scale forces. Perturbation onsets 181
were identified from the motor reference signals. All perturbation data were cut into sequences of 0.5 seconds before to Postprint. For final version, see: Journal of Experimental Biology 2016: http://dx.doi.org/10.1242/jeb.129338
For each subject, the ML and AP ground reaction forces were divided by the vertical ground reaction force to find the 186 force ratio RF in the ML and AP directions respectively. For comparison, the ML and AP distances between the COP and 187 the COM were divided by the COM height to find a distance ratio RD in the ML and AP directions respectively. For 188 each subject, position, velocity, force, and ratio data were averaged over the repetitions at the instances of the first heel 189 strike right (HSR) and toe-off left (TOL) after perturbation onset. Furthermore, the durations between perturbation onset 190 at TOR and HSR, as well as that between HSR and the subsequent TOL were determined and averaged over the 191 repetitions within each subject. Finally, repetition averages of each subject were used to calculate subject averages and 192 standard deviations.
193
Linear least squares fits of the form y = a*x + b were made to the subject average data. Independent variable x was the ) was calculated for each subject. These were subsequently used to find a subject average 198 proportionality constant and a subject average ML or AP XCOM = 0 -1 *x, where the XCOM is relative to the COM, 199 and x corresponds with the horizontal ML or AP COM velocity at any given instance.
200
Linear mixed models were used to assess the effects of the perturbation (fixed factor, with intercept) and walking speed 
209
RESULTS
211
Subject balance responses were assessed following ML and AP perturbations during both slow and normal walking.
212
Here results will only be visualized for the slow walking speed. The normal walking speed yielded mostly comparable Various balance responses were observed to recover from the perturbation, see Fig. 4 for the normal speed all but the smallest forward perturbation led to significant differences (p<=0.019).
280
Finally, both the ML and AP perturbations had a significant effect on the single support duration during which the 
364
In the current study no significant increase in single support duration was found either following ML perturbations 365 during the normal walking speed.
367
Foot placement
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The ML COM velocity at HSR has a strong predictive value for ML foot placement. This is in line with previous 
408
The double support phase plays an important role in establishing these relations. They result from foot placement, COP
displacements by a weight shift to the leading leg, changes in double support duration, as well as specific joint torques.
Following AP perturbations, the larger range in distance between the COM and the COP at TOL compared to that 411 between the COM and the leading foot at TOL can only be caused by effects other than foot placement, most likely an 412 ankle torque. Hence, both passive dynamics and controlled actions prior and during the double support phase contribute 413 to the observed linear relations.
414
Most effects that play a role in establishing these relations are not captured by simple inverted pendulum models. Yet, 415 the relation between the COM velocity at HSR and the COP at TOL for slow walking is in line with constant offset 416 control (Hof, 2008) . If the fit to the data has the same slope as that of the XCOM line (0 -1 ), the distance between the 417 COP and the XCOM is approximately equal for all perturbations. This distance is then given by the intercept of the fit. 
469
Many aspects that contribute to the observed relations are often not represented in simple inverted pendulum models.
470
While these simple models might mimic the relations through foot placement only, they do not necessarily provide an 471 explanation of the observed human behavior. Using models to gain insight into why humans prefer a certain strategy 472 requires modeling the involved degrees-of-freedom. Our study motivates having a double support phase, for instance 473 using a spring-loaded inverted pendulum (Geyer et al., 2006) that can mimic the double support through compliant legs.
474
Our study furthermore suggests modeling a foot, such as in (Kim and Collins, 2013) 
